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DOI 10.1016/j.str.2007.12.005The Protein Structure Initiative sponsored
by the National Institute of General Medi-
cal Sciences is moving on to 2008 with
a bag of achievements and shortcomings.
Its future is debated in the NIH and the sci-
entific community. A wide variety of opin-
ions is offered, from enthusiastic support
of its future development to not less en-
thusiastic calls for its destruction. Its de-
tractors point out that the PSI demise
will allow itsmoney to be fairly split among
the individual researchers through R01
mechanism. The destruction of PSI may
indeed provide an immediate additional
pool of money to feed individual research
programs. However, in the long run, it will
have a profound negative systemic effect
on the field, far surpassing the short-
sighted funding bonus from its demolition.
As the result, the whole field, including the
bonus beneficiaries, will become poorer
in their resources and their science.
PSI is one of the great visionary initia-
tives in modern biology, second probably
only to the genome sequencing effort,
promoted by the United States as a major
component of the international effort to
answer the challenge of physical charac-
terization of life at the molecular level.
Proteins, the building blocks of life, are
physical objects with 3D structures that
determine their properties and function.
Claims that the knowledge of these struc-
tures is not that important for biologists,
who might be happy dealing with proteins
as abstract entities, sound as if they are
coming from the 19th century. The argu-
ment against the systematic structure de-
termination is essentially the same as it
was against the genome sequencing ef-
fort, which in the minds of the majority
proved to be one of the great achieve-
ments of modern science. Certainly, in
many cases proteins can be successfully
studied without the knowledge of their se-
quences, as it was argued then, and their
structures, as it is argued now. However,
the true understanding of their propertiesand functions, which is among the key
goals of fundamental science, is impossi-
ble without the knowledge of their se-
quences and, even more important, the
physical characterizations by the struc-
tures. Previous arguments that the knowl-
edge of the sequences of the unknown/
uncharacterized proteins has no value
failed to recognize the fact that for the fun-
damental system-wide studies there is
great importance in knowing the se-
quence of all proteins, regardless of how
much we know about each one of them.
The same current argument misses the
tremendous importance of the knowledge
of the structures of all proteins, regardless
of the particular protein’s relevance to
specific biological mechanisms and/or
research directions. Thus, the global sys-
tematic effort for determining these struc-
tures is essential for the rapid progress in
life sciences. It opens new horizons that
are hidden without the comprehensive
knowledge of structure, as in the qualita-
tive transformation of life science by ge-
nome sequencing.
The PSI paradigm is the experimental
determination of representative folds to
be used as templates for the computa-
tional modeling of the rest of the ‘‘protein
universe.’’ Consequently, another argu-
ment against PSI is that only the highest-
resolution protein structures have any
appreciable value, and the lower or (I am
afraid even to mention) low-resolution
structures add nothing to biology. Then
a simple conjecture is that because com-
putational modeling has limited accuracy
then the whole thing is largely useless.
As a computational biologist, I wonder
how many experimental techniques in
protein science are held up to this stan-
dard of 100% precision in order to be
considered ‘‘useful.’’ This argument is
particularly precarious since it flies in the
face of the burgeoning field of multiscale
approaches to systems biology and, sim-
ply put, studies of any physical phenom-Structure 16, January 2ena, including proteins, which always
involve approximation. I do not think it is
worth arguing that numerous studies in-
volving less than perfect structural infor-
mation have added a great amount of
knowledge on the fundamental mecha-
nisms of soluble and membrane proteins
functioning. Simply put, any level of phys-
ical characterization of a protein, as op-
posed to its absence, is valuable. To be
more specific, structure resolution level
is biologically relevant if it captures the
functional elements of the structure. If
such elements are large, then even ultra-
low resolution structures can provide
important insights. The examples are
many: binding site identification and func-
tional annotation based on geometric and
physicochemical criteria (Binkowski et al.,
2005; Lijnzaad and Argos, 1997), recogni-
tion of proteins deprived of atom-size
structural features (Vakser et al., 1999),
docking of inaccurate models (Tovchi-
grechko et al., 2002), determining archi-
tectures of macromolecular assemblies
(Topf et al., 2006), and docking of small
ligands to low-resolution receptors
(Wojciechowski and Skolnick, 2002), to
name a few. It is also worth noting that
the explicit goal of PSI is in fact to avoid
the need for the low-resolution structure
modeling and to create the grounds (tem-
plates) for the high-resolutionmodeling by
the modern template-based prediction
approaches.
Structure is essential for understanding
and, in many cases, determination of the
protein function. Since the function of
most proteins is interaction with other
proteins, the structural aspects of pro-
tein-protein interactions are needed for
the description of life processes at the
molecular level. Not to diminish the value
of the structure-function studies of indi-
vidual proteins, the explicit modeling of
a protein’s interactions is the direct way
to address its function. Networks of pro-
tein interactions are the way to describe008 ª2008 Elsevier Ltd All rights reserved 1
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vidual interactions to large pathways and
systems. The deficiencies of the methods
of determination and characterization of
these networks, both experimental and
computational, are well known. However,
these methods are developing and
becoming more adequate to this grand
challenge.
PSI, in its current form, of course has
shortcomings. Indeed, a major PSI weak-
ness is its failure to adequately address
the issue of protein complexes. Protein
complexes were on the original PSI
agenda, but later largely faded away
from it. One of the reasons for this is that
the crystal structures of protein com-
plexes are more difficult to obtain than
those of individual proteins. Thus, the ap-
parent reluctance of the PSI centers to
address the problem head-on. The prog-
ress in our understanding of biological
processes and the corresponding current
and future needs of the biomedical re-
search community call for a major refo-
cusing of the PSI effort toward protein
complexes, which may be conveniently
called PCI (Protein Complex Initiative).
PCI will naturally resolve most of the con-
cerns about the current PSI, because it
will directly target protein function, rather
than ‘‘simply’’ its structure. Similar initia-
tives already exist in Europe, Japan, and
other countries (SPINE2, 3D-Repertoir,
and others [Janin, 2007]) and proved to
be successful. It is imperative that the
US joins this international effort with its
considerable PSI resources to advance
this key area of science.
In reflection of the growing importance
of this subject, the latest Modeling of
Protein Interactions (MPI) meeting, Sep-
tember 30–October 2, 2007 (http://www.
bioinformatics.ku.edu/conferences), was
largely devoted to exploration of the pos-
sibility of community-wideefforts for large-
scale experimental determination of the
structures of protein-protein complexes
and the new horizons these efforts would
open for themodeling. Themeetinghosted
top experimental and computational ex-
perts in the field andemphasized the feasi-
bility and the need for such an effort.
Because of the difficulties in crystalliza-
tion of protein-protein complexes, other
experimental techniques (e.g., mass-
spectrometry, NMR, cryo-EM, etc.) will
have to step up to the plate and play
a more prominent role than in the current2 Structure 16, January 2008 ª2008 ElsevierPSI. The PCI paradigm would be the
same as in the current PSI—experimental
structure determination of the representa-
tive protein-protein complexes, which will
serve as templates for the rest of the pro-
tein-protein complexes to be built largely
by the template-based modeling. As in
the current PSI paradigm, computational
approaches may be also used for the se-
lection of the targets for the experimental
determination.
The computational approaches to
structural prediction of protein complexes
(docking) have been rapidly developing
and their accuracy increasing to become
adequate to the task. Although currently,
primarily due to the lack of the structural
templates, the docking methodology is
largely ab initio (not knowledge-based),
the knowledge-based techniques prom-
ise greater accuracy and precision. Even
with the current very limited amount of
available protein-protein structural tem-
plates, the approaches to genome-wide
structural modeling of protein complexes
are meaningful (Aloy et al., 2004; Lu
et al., 2002; Russell et al., 2004). The ex-
perimental complex determination effort
will provide a major boost to the knowl-
edge-based docking by greatly increas-
ing its accuracy, thus further contributing
to the PCI goals.
Protein binding and protein folding are
based on the same physical principles
and thus share many modeling aspects.
Computational techniques for the struc-
tural modeling of protein-protein interac-
tions follow computational approaches
to modeling of individual protein struc-
tures and have been rapidly developing
in recent decades, both in terms of meth-
odology and computing power. Compu-
tational prediction of individual protein
structures has developed from the ‘‘first
principles’’ force fields approaches to
the currently dominating ‘‘knowledge-
based’’ modeling. The two main reasons
for this paradigm shift are the inability of
the existing first-principles methods to
deliver reliable solutions, and the explo-
sive growth of experimentally determined
knowledge on the protein structures. The
knowledge-based modeling dominates
the individual protein structure prediction
field in most of its aspects, from compar-
ative modeling, based on the knowledge
of the templates, to new fold predictions,
based largely on knowledge-based
potentials.Ltd All rights reservedTheprotein docking field is substantially
younger than individual protein structure
prediction and is less advanced on the
transition path from ‘‘first principles’’ to
‘‘knowledge-based’’ approaches. The
same two factors as in the evolution of
the individual structures prediction are re-
sponsible for the current lesser role of
knowledge-based techniques in protein
docking. First, the first-principles ap-
proaches, based on physical force fields,
have been relatively successful in predic-
tion of protein complexes, as opposed to
prediction of individual structures. The
reason is that in the docking first approxi-
mation (rigid-body docking) that works in
many cases, the number of the degrees
of freedom is only six, which is incompara-
blewith the number of degrees of freedom
in prediction of individual proteins struc-
tures at any meaningful level of approxi-
mation. Second, the amount of exper-
imentally determined information on the
structure of the protein-protein com-
plexes, based primarily on X-ray struc-
tures, is by far less than that on the
individual protein structures. However,
with the advances in the experimental de-
termination of protein complexes the situ-
ationwill rapidly change. Newdocking ap-
proaches that involve knowledge-based
techniques ranging from template-based
docking to ab initio docking with
knowledge-based potentials are already
emerging.
PCI/PSI will alleviate major concerns
about the current PSI, by directly target-
ing protein function. Its paradigm is very
simple, and virtually identical to the cur-
rent PSI, which thus can naturally modify
its focus, without major infrastructural
changes. The simplicity of the PCI princi-
ples is an asset, which is complementary
to often more complicated structure-
function considerations based on individ-
ual proteins. The PSI/PCI will make the
structure determination effort much
more relevant to the immediate needs of
the larger biomedical research commu-
nity by providing them with the answers
that many critics of the current PSI are
referring to—the information on the inter-
action partners and determination and
characterization of the binding/functional
sites, as opposed to just the structure,
as often is the case in the current PSI. Im-
portantly, this information can be pro-
vided at different levels of structural reso-
lution (as discussed above), which will
Structure
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protein complexes and make it more ade-
quate to the task. Naturally, with the
advances in the experimental and compu-
tational methodologies the structural res-
olution of the models will be improving,
furthering their utility for the scientific
community.
The effort offers virtually unlimited per-
spectives for further development. Other
types of complexes (e.g., protein-DNA,
protein-ligand, etc.) and types of data
(e.g., functional classification and charac-
terization) can be included. The enhance-
ment of the structural resolution and
advancement of the experimental/model-
ing methodology will make possible the
description of the dynamic changes in
protein structure and the kinetics of pro-
tein association, providing amoredetailed
description of these interactions for
deeper insights into the basic principles
of life processes at the molecular level.
Conclusion
The large-scale, systematic, community-
wide determination and structural charac-
terization of protein complexes will hap-
pen regardless of the current decision onThe Soul of a New
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It was at the 2001 American Crystallo-
graphic Association meeting that we wit-
nessed the first reports from structural
genomics (SG) centers and companies.
As newly independent crystallographers
we had set up our laboratories a mere
three years prior. We looked over to
the legion of similarly junior colleagues
seated around us. We did not utter
a word but it was clear we were all think-
ing the same thing: If these centers and
companies can churn out structures that
fast, are our small biologically oriented
crystallographic labs destined to go thethe continuation of funding for PSI. It is al-
ready happening in other countries and
will happen in the United States, simply
because it is the direction where the sci-
ence is going. Arguing against it is like
arguing against automobiles in 1890s
(saying that horses are a better way of
transportation, which I am sure was true
at the time) or space exploration in
1960s (with the logic of howmany lunches
can be provided for the cost of a single
flight to the moon). The only issue is
whether it will happen now (within a few
years) or later down the road with time
and resources wasted, progress slowed
down, and the quality of biomedical re-
search in the United States and other
countries damaged. Therefore, PSI has
to live and thrive by significantly increas-
ing its focus on protein complexes.
REFERENCES
Aloy, P., Bottcher, B., Ceulemans, H., Leutwein, C.,
Mellwig, C., Fischer, S., Gavin, A.-C., Bork, P.,
Superti-Furga, G., Serrano, L., et al. (2004). Struc-
ture-based assembly of protein complexes in
yeast. Science 303, 2026–2029.
Binkowski, T.A., Joachimiak, A., and Liang, J.
(2005). Protein surface analysis for function anno-Structure-Functio
enetics
physics
SA
.D.), Mark.Rould@uvm.edu (M.A.R.)
way of the dodo? Would these speed-
demons eventually tackle the structural
science that we deliberately pursued?
We were convinced our nascent research
programs were doomed to extinction as
less-efficient generators of structural re-
sults. We felt like Indiana Jones, running
for our lives from the formidable SG rolling
boulder.
Fast forward six years: we survived.
Sure we occasionally got scooped like
everybody else, but mostly by competi-
tors in individual laboratories, not by SG
centers. We didn’t get overrun because
Structure 16, January 2tation in high-throughput structural genomics
pipeline. Protein Sci. 14, 2972–2981.
Janin, J. (2007). Structural Genomics: Winning the
second half of the game. Structure 15, 1347–1349.
Lijnzaad, P., and Argos, P. (1997). Hydrophobic
patches on protein subunit interfaces: Characteris-
tics and prediction. Proteins 28, 333–343.
Lu, L., Lu, H., and Skolnick, J. (2002). MULTIPRO-
SPECTOR: An algorithm for the prediction of pro-
tein-protein interactions by multimeric threading.
Proteins 49, 350–364.
Russell, R.B., Alber, F., Aloy, P., Davis, F.P., Kor-
kin, D., Pichaud, M., Topf, M., and Sali, A. (2004).
A structural perspective on protein–protein inter-
actions. Curr. Opin. Struct. Biol. 14, 313–324.
Topf, M., Baker, M.L., Marti-Renom, M.A., Chiu,
W., and Sali, A. (2006). Refinement of protein
structures by iterative comparative modeling
and CryoEM density fitting. J. Mol. Biol. 357,
1655–1668.
Tovchigrechko, A., Wells, C.A., and Vakser, I.A.
(2002). Docking of protein models. Protein Sci.
11, 1888–1896.
Vakser, I.A., Matar, O.G., and Lam, C.F. (1999). A
systematic study of low-resolution recognition in
protein-protein complexes. Proc. Natl. Acad. Sci.
USA 96, 8477–8482.
Wojciechowski, M., and Skolnick, J. (2002). Dock-
ing of small ligands to low-resolution and theoreti-
cally predicted receptor structures. J. Comput.
Chem. 23, 189–197.n Machine
we and the SG centers were by-and-large
running in different directions. That said,
in what ways have the SG centers had
an impact on hypothesis-driven structural
research?
In aggregate, SG centers across the
globe have been productive, having al-
ready deposited over 6000 structures in
the Protein Data Bank (Janin, 2007).
At these about 2800 are from the NIH-
sponsored Protein Structure Initiative
(PSI), which aims to provide representa-
tive folds for most of protein fold-space
(http://www.nigms.nih.gov/Initiatives/PSI/).
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